Cardiac arrest represents a leading cause of mortality and morbidity in developed countries. Extracorporeal cardiopulmonary resuscitation (ECPR) increases the chances for a beneficial outcome in victims of refractory cardiac arrest. However, ECPR and post-cardiac arrest care are affected by high mortality rates due to multi-organ failure syndrome, which is closely related to microcirculatory disorders. Therefore, microcirculation represents a key target for therapeutic interventions in post-cardiac arrest patients. However, the evaluation of tissue microcirculatory perfusion is still demanding to perform. Novel videomicroscopic technologies (Orthogonal polarization spectral, Sidestream dark field and Incident dark field imaging) might offer a promising way to perform bedside microcirculatory assessment and therapy monitoring. This review aims to summarise the recent body of knowledge on videomicroscopic imaging in a cardiac arrest setting and to discuss the impact of extracorporeal reperfusion and other therapeutic modalities on microcirculation.
Introduction
Cardiac arrest belongs to the major causes of mortality in developed countries and, in survivors, it is associated with a high incidence of neurocognitive impairment. 1 New treatment approaches, like extracorporeal life support (ECLS) utilised for extracorporeal cardiopulmonary resuscitation (ECPR), became a potential rescue therapy for victims of cardiac arrest (CA) who do not reach a return of spontaneous circulation (ROSC) after receiving appropriate advanced life support. 2 However, the parameters guiding the haemodynamic management, including the setting of ECLS during ECPR in cardiac arrest patients, are not entirely clear. 3 Serum lactate is an indicator of peripheral perfusion quality and a potential predictor of the outcome in this regard. 4 There are, however, some limitations of serum lactate evaluation, namely, a delay in its elevation and also the risk of non-specificity. 5 To directly assess peripheral microcirculation, novel methods of bedside microcirculatory imaging have been introduced: Orthogonal Polarization Spectral (OPS) and Sidestream Dark Field (SDF) imaging and, currently, Incident Dark Field (IDF) imaging. Not only can these methods reveal insufficient peripheral perfusion, they may, moreover, become a prognostic tool in stating the risk of multiorgan failure and mortality. 6, 7 The aim of this review is to summarise the available body of knowledge concerning the utilization of these recent and promising methods of microcirculatory imaging in a cardiac arrest setting. We will not only state the background of microcirculatory changes during cardiac arrest, resuscitation and post-resuscitation period, Microvascular perfusion in cardiac arrest: a review of microcirculatory imaging studies but we will also discuss the effect of ECLS in this setting and potential bias of other therapeutic modalities. OPS (Cytometrics Inc., Philadelphia, PA, USA), based on the use of polarised light of a specific wavelength (550 nanometres), was the first technology utilised for bedside microcirculatory imaging. Once the light is emitted on the investigated surface, it is either absorbed in the haemoglobin of red blood cells or depolarised and reflected back to the analyser. Thus, the image of red blood cells moving within microvessels is captured. 8 OPS imaging was validated in several animal and human studies through comparison with intravital microscopy -a "gold standard" method for microcirculatory assessment.
Technology review
SDF, incorporated in the Microscan Video Microscope (Microvision Medical, Amsterdam, The Netherlands), introduced several innovations (e.g. a disposable cup covering the probe, higher image quality and reduced image blurring) which made SDF an effective and widely used device. 9, 10 Both methods, OPS and SDF imaging, require further semi-automatic offline analysis of the captured videoimages (see below).
Incident Dark Field (IDF) imaging represents the third generation of the videomicroscopic technology incorporated in a CytoCam (Braedius Medical B.V., Huizen, The Netherlands). 11 The CytoCam consists of a small pen-like probe and a computer unit. It allows synchronization of emitted light and image capturing, automated focusing and, also, full digitalization of the record. Moreover, IDF provides better focus and contrast of the captured images and higher image resolution than SDF imaging (the CytoCam-IDF detected 30% more capillaries in the same location than SDF). 11, 12 Immediate, direct, automatic evaluation of the microcirculatory images represents the key innovation in the CytoCam-IDF; however, the obtained microcirculatory parameters are probably not fully comparable with semi-automatic analysis. 13 Off-line, semi-automatic image analysis is essential for OPS and SDF imaging. Several scoring systems were developed for the quantification of the microcirculatory variables, however, the following parameters were suggested by a published consensus: 14 total vessel density (TVD), perfused vessel density (PVD), proportion of perfused vessels (PPV), microvascular flow index (MFI) and the heterogeneity index. All parameters are calculated separately for small vessels (microvessels of diameter ⩽20 µm) and other vessels identified in the video-image (an example of a stabilised image with identified microvessels is shown in Figure 1 ). TVD is estimated as the ratio of the total vessel length in the image and the area selected as a region of interest. To evaluate the PVD and PPV, vessels are manually classified according to microcirculation as perfused (the blood flow in the vessel is hyperdynamic, continuous or sluggish) or not perfused (with intermittent flow or noflow, respectively). For MFI quantification, the image is divided into four quadrants and the circulation in each quadrant is expressed in ordinal scale: 4 -hyperdynamic flow, 3 -continuous flow, 2 -sluggish flow, 1 -intermittent flow, 0 -no flow (examples of different microvascular blood flow categories of sublingual microcirculation in a pig model are shown in the supplementary video files, which are available online with this article, http://journals. sagepub.com/doi/full/10.1177/0267659117723455). MFI represents the average score of all quadrants. Finally, the heterogeneity index can be calculated by measuring the MFI in three to five images per site: the difference between the highest MFI minus the lowest MFI divided by the mean flow velocity. These parameters are suitable for all accessible tissues, except for the intestinal mucosa where modified parameters were suggested. 15 Videomicroscopic techniques have enabled noninvasive, real-time visualization of microcirculation at the bedside and, due to their non-invasive and simple use, they have been employed in many medical fields, including critical care. 16, 17 There are, nevertheless, some limitations: all techniques are sensitive to movement and pressure artefacts, are not suitable for the direct measurement of high blood flow velocities and are applicable only on suitable tissue surfaces (e.g. accessible mucosa of oral cavity, conjunctiva, intestinal stoma or thin capsule of solid organs). Moreover, OPS and SDF imaging still require time-consuming manual offline analysis, with subjective semi-quantitative assessment of the microflow (even though there have been several attempts for the development of rapid fully automatic analyses software 16 ). To minimise the risk of biased results with these limiting factors, consensual criteria for image acquisition and analysis have been published. 14, 15, 17 Several studies evaluating reproducibility of microcirculatory measures show sufficient reproducibility and low inter-and intra-observer variability. 18, 19 Literature review Microcirculation in CA and CPR has been described by a few animal experimental studies in a porcine model [20] [21] [22] (describing serial changes of sublingual microcirculatory parameters) and a single human case report. 23 These studies showed the delayed reaction of the microcirculation to cardiac stun and only partial restoration of microcirculation during CPR (up to 59-85% of the pre-arrest values 21 ). In successfully resuscitated animals, the microflow improved after ROSC to within 20% of the baseline values. Interestingly, microcirculatory monitoring during CPR predicted the success of resuscitation, with high sensitivity and specificity. 20 All these studies evaluated the correlation between microcirculatory and systemic circulatory parameters, presenting conflicting results (either strong or no correlation). Nevertheless, the loss of haemodynamic coherence between micro-and macro-circulation, which probably results from complex local and systemic regulatory mechanisms, has been reported in other critical diseases. 22, [24] [25] [26] Cerebral microcirculation during CA, short duration CPR and after achieving ROSC has been presented by Ristagno et al. in a pig model. 25 They documented the close relationship between blood flow in the cerebral microvessels to the macrocirculatory parameters. Cerebral ischaemia (as expressed by cerebral tissue partial pressure of CO 2 ) was also in progress during CPR whereas micro and macro-circulation were partially restored. After reaching ROSC, cerebral ischaemia was reversed within a 3-minute delay, corresponding to microcirculatory recovery.
Microcirculation in cardiac arrest and cardiopulmonary resuscitation

Microcirculation after the return of spontaneous circulation
Sublingual microcirculation after ROSC does not reach the pre-arrest values and this deterioration is connected to post-resuscitation "sepsis-like syndrome". Interestingly, sublingual microcirculatory alterations might predict the outcome of post-cardiac arrest patients.
On the contrary, the cerebral cortical microcirculation was (in a rat model) reported to be fully restored despite signs of neuronal death.
After reaching ROSC, the sublingual microcirculation is significantly improved, but still does not reach the pre-arrest state. Conspicuously, the parameters that reflect microvascular flow (PVD and MFI) stay altered in post-CA subjects. 7, [26] [27] [28] [29] [30] These changes were reported to appear early after CA and to resolve within 2 days. 29 Similar alterations of microcirculation were reported on the mucosa of the small intestine and the bulbar conjunctiva in animal studies. 7, 27 The underlining mechanism of such microcirculatory dysfunction might be the post-resuscitation "sepsis-like" syndrome, a systemic inflammatory reaction triggered by a whole body ischaemia and reperfusion. Its link to the sublingual microcirculation was suggested by several studies. Two animal studies showed a tight correlation of microcirculatory changes with myocardial dysfunction and serum cytokine levels. 7, 27 Furthermore, an interesting human observational study compared the sublingual microcirculation of post-CA patients to those with sepsis and healthy control subjects. The MFI of post-CA patients were significantly altered 6 hours after intensive care unit (ICU) admission and were even lower than the MFI of septic patients. 28 The longer the hypoperfusion during CA and CPR lasted, the worse the microcirculatory deterioration occurred after ROSC. 7 Importantly, all these microcirculatory alterations were independent of the systemic circulation.
Being affected by a systemic inflammatory reaction, sublingual microflow assessment might offer a useful tool to evaluate post-resuscitation disease severity and, thus, also contribute to prognostication. 31 Van Genderen et al. followed 25 adult patients after out-ofhospital cardiac arrest treated by mild therapeutic hypothermia. In the first 4 hours after ICU admission (before the onset of mild therapeutic hypothermia), they observed a significant difference between ICU survivors and non-survivors in sublingual microcirculatory parameters (MFI, PVD, PPV) whereas, during hypothermia, both groups did not differ. Further on, these parameters improved after rewarming in survivors and remained low in non-survivors. 26 Similar results were also reported regarding the neurologic outcome 28 and in a paediatric population. 30 However, changes of sublingual microcirculation probably cannot be automatically extrapolated to other tissues. This was documented by the results of a rat model study where cerebral cortical microcirculation recovered completely after ROSC and stayed preserved in the early post-resuscitation phase (up to 6 hours) though high inflammatory mediator levels and signs of neuronal death were present. [31] [32] [33] 
Microcirculation after extracorporeal reperfusion and experiences from ECMOtreated cardiogenic shock
The body of evidence on microcirculatory function after reperfusion with ECPR is still lacking. A single pilot study in post-cardiac arrest patients who experienced reperfusion with veno-arterial ECMO (VA ECMO) suggests that ECLS might support the microcirculation effectively. Similar results have been shown, however, by studies in patients with myocardial infarction suffering from cardiogenic shock: microcirculatory dysfunction was, to some extent, resolved by extracorporeal circulatory support and the remaining alteration of sublingual microcirculatory parameters during VA ECMO was found to be a predictor of ICU mortality. The effect of sustained spontaneous or added artificial pulsatility provided by intra-aortic balloon counterpulsation (IABP) in VA ECMO-treated patients remains controversial.
Despite the growing body of evidence on the microcirculation during cardiopulmonary bypass, studies on the microcirculation during ECMO are scarce and on ECPR are still scarcer. A recent pilot study with 12 patients after refractory CA, who were treated with ECPR, suggested that ECLS might provide an adequate microcirculatory perfusion regardless of sustained or diminished spontaneous pulsatility. 32 Patients dependent on ECLS were examined with SDF an average of 32 hours after cardiac arrest. They had lower PPV in comparison to healthy control subjects, but other microcirculatory parameters did not actually differ significantly from healthy controls. A subgroup of 5 patients with low-pulsatile or non-pulsatile blood flow (i.e. pulse pressure below 15 mmHg) had similar microcirculatory variables to those patients with spontaneously pulsatile blood flow. The pulsatile and low/non-pulsatile groups did not differ regarding global haemodynamic parameters, therapeutic intervention including vasopressors and inotropes or ECMO setting.
Studies focused on the microcirculation in ECMOtreated patients with cardiogenic shock documented a rapid reaction of microvascular flow after ECMO setting changes 33 and pointed out a close relationship between systemic haemodynamic parameters and sublingual microcirculation. 34 Similar to post-arrest patients, sublingual microcirculatory parameters might also predict the outcome in ECMO-treated subjects: in a study with 24 VA ECMO patients suffering cardiogenic shock, sublingual microcirculatory parameters were significantly lower in ICU non-survivors than in survivors during the whole time on ECMO. Moreover, PVD for all vessels (in the first 24 hours on ECMO support) was found as a predictor of ICU survival, with a high sensitivity and specificity. Importantly, microcirculatory parameters did not change significantly over time during ECMO treatment and, in survivors, weaning only caused a non-significant decrease in microcirculatory parameters. 35 The introduction of an IABP for circulatory support in cardiogenic shock is no longer routinely recommended, based on an IABP SHOCK II study 36, 37 where a significant proportion of patients also suffered cardiac arrest. 5 Nevertheless, an IABP may still be a therapy option when used in combination with VA ECMO. 38 Studying the microcirculation in this setting might bring important arguments to evaluate the benefits of such an approach. So far, however, no clear evidence of a beneficial effect of IABP on the microcirculation in VA ECMO patients has been given. [39] [40] [41] 
The effects of different therapeutic interventions on the microcirculation
As already mentioned, the microcirculation is regulated by complex local and systemic pathways. Therefore, the effect of other treatment modalities (medication, infusion administration, target temperature management, etc.) on the microcirculation cannot be omitted and has to be studied carefully.
Sympathomimetics are frequently used during CPR in post-cardiac arrest care and in the treatment of postcardiac arrest syndrome. In critically ill patients, inotropes have a mostly vasodilatory effect on splanchnic and sublingual microcirculation, whereas vasopressors are associated with microcirculatory deterioration. The effect of vasoactive drugs may be dose dependent. 41 In patients with cardiogenic shock, despite a consistently positive effect on systemic circulation, dobutamine did not change the sublingual microcirculation, norepinephrine showed an adverse effect and enoximone administration led to a significant increase of the perfused capillary density (PVD). 42 Epinephrine boluses during CPR might have an adverse effect on cerebral cortical microcirculation and tissue oxygenation, which diminishes within 10 minutes after ROSC. 43 A similar effect was reported after vasopressin. 44 Nitroglycerine in continuous infusion favourably affected the microcirculation in patients suffering heart failure (which is typically associated with altered sublingual microcirculation). [45] [46] [47] [48] Sedatives are commonly used in post-cardiac arrest patients, as well as anticonvulsants and analgesia. These medications have been tested with respect to their impact on systemic haemodynamics, but their effect on the microcirculation still remains mostly unclear. 47 A detailed analysis of this issue is beyond the scope of the current review; let us mention only some widely used agents: propofol seems to have an organ-specific and a dosedependent effect on the microcirculation 48 with a proven adverse effect on the sublingual microcirculation 49 and a possible beneficial effect on the liver and intestinal microcirculation. 50 Ketamine and midazolam, on the other hand, decreased the microcirculation in both the liver and distal ileum in an experimental rat setting 50 Fluids administration is an essential part of shock treatment and has a direct impact on the mean arterial pressure and cardiac output. Fluids have, to a certain extent, a positive effect on the microcirculation (by means of systemic haemodynamic improvement, blood viscosity reduction or local vasodilatation), which was demonstrated in septic or hypovolemic shock. 51, 52 The appropriate timing of such fluid-resuscitation seems to be crucial. 53 On the other hand, excessive amounts of fluid may result in haemodilution and the development of tissue oedema, which both reduce tissue oxygenation. 24 Thus, the assessment of the sublingual microcirculation might serve as a non-invasive indicator for fluid requirements. 54 Blood transfusions may help to improve tissue oxygenation through increasing the oxygen-binding capacity of the blood; on the other hand, it may have a negative effect on the microcirculation (transfused erythrocytes have low deformability, low binding capacity for oxygen and, moreover, their ability to bind nitric oxide is increased, which may contribute to peripheral vasoconstriction). 51 Blood transfusion was reported to improve capillary density whereas the microcirculatory flow in the capillaries remained unchanged. 55 Target temperature management (TTM) of adult patients after CA with initial shockable or nonshockable rhythms has been recently revised. 56 Few studies involving the effect of TTM on the sublingual microcirculation brought rather conflicting results when targeting the temperature to 32-34°C. Some studies suggested impaired sublingual microcirculation during TTM. 26, 57 However, stronger evidence proved that there is no difference in the sublingual microcirculation between patients treated by TTM 32-34°C or normothermia. 58 On the contrary, TTM might have a beneficial effect on cerebral cortical microcirculation as suggested in an experimental rat model (where, however, the direct applicability to human victims was not assumed). 59 The difference of vascular reactivity between the cerebral and peripheral microcirculation might explain the neuroprotective effect of mild therapeutic hypothermia.
Artificial lung ventilation is provided to most postcardiac arrest patients within the first 24 hours after ROSC. Mechanical ventilation (MV) and, especially, positive end-expiratory pressure are associated with an alteration in the splanchnic microcirculation. Nevertheless, the sublingual microcirculation was found unchanged in critically ill patients with positive end-expiratory pressure artificial lung ventilation. 60 Heart rhythm disorders that may not alter systemic haemodynamics (such as atrial fibrillation) may, however, significantly affect the peripheral microcirculation. One study showed how elective direct current cardioversion significantly improved the microcirculation in patients with atrial fibrillation. 61 Similarly, cardiac resynchronization therapy was reported to improve the sublingual microcirculation in patients with heart failure. 62 Research utilization of videomicroscopic imaging in basic research or in pharmacological studies elucidates the underlining mechanisms of microcirculatory changes and enhances the development of new treatment strategies for CA victims, such as the administration of sildenafil, 63 arginase inhibitors 64 or pharmacologically induced hypothermia. 65 
Discussion
Novel technical improvements in videomicroscopic imaging transformed this formerly cumbersome technology requiring time-consuming off-line analysis into a fully useful on-line tool. Direct observation of the microcirculation in a CA setting confirmed findings from other fields of intensive care that, to some extent, the microcirculation is dependent on systemic circulation, but global haemodynamics is only a prerequisite of functioning peripheral perfusion, which is further affected by many other mechanisms. During CPR, the microcirculation is partially restored, but approaches the pre-arrest state only after full restoration of stable circulation (i.e. ROSC), whereas reperfusion with ECMO might provide sufficient microcirculatory blood flow per se. The post-cardiac arrest period is associated with sublingual microcirculatory disorder, closely related to the post-resuscitation "sepsis-like" syndrome. In post-cardiac arrest patients, the microcirculation is further affected by target temperature management and the administration of routinely used medication. Interestingly, the state of the sublingual microcirculation in the early post-cardiac arrest phase (or after the initiation of VA ECMO during ECPR) might be linked to the outcome. Of note, sublingual microcirculatory changes in a CA setting cannot be automatically extrapolated to other organs, as studies of cerebral cortical microcirculation in a rat CA model suggest. 25, 59 These findings are in line with other results of microcirculatory imaging in critically ill patients: dissociation of microcirculation and systemic circulation was observed in sepsis, 66 cardiogenic shock and heart failure [67] [68] [69] [70] and in patients undergoing on-pump cardiac surgery. 71, 72 In these studies, sublingual microcirculatory alterations were strongly associated with patient outcome. 5, 72, 73 Furthermore, den Uil et al., in their studies, suggested that patients whose sublingual microcirculation improved during treatment administration had better prognoses than those whose sublingual microcirculation remained impaired. 6, 42 Despite these encouraging findings, understanding the "meaning" of microcirculatory changes remains a real challenge, not only in a CA setting. We need not only randomised studies to prove the link between the sublingual microcirculation and the outcome, but research should also focus on the role of particular treatment options and pathophysiological states and on confirmation of the applicability of videomicroscopic methods in emergency care conditions. Even though the recent body of knowledge on the sublingual microcirculation in a CA setting is mostly represented by small observational studies or animalmodel experimental research, the promising results suggest that videoimaging of the sublingual area might become not only a powerful research tool, but also a way of standard bedside monitoring in CA victims, with a potential direct impact on therapy. However, there are many questions to be answered first.
Conclusion
Improved by recent innovations, videomicroscopic technologies might become a useful bedside tool to evaluate peripheral perfusion in many clinical settings, including prolonged CPR, ECPR and post-resuscitation care. Future research should extend the recent body of knowledge.
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